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The Physics Case for sPHENIX What is the temperature dependence of the QGP?
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Figure 1.3: Pushing Three illustrative axes along which the quark-gluon plasma may be pushed and
probed. The axes are the temperature of the quark-gluon plasma, the Q2

hard of the hard process that
sets of the scale for the virtuality evolution of the probe, and the wavelength with which the parton
probes the medium lprobe.

The critical variables to manipulate for this program are the temperature of the quark-gluon plasma,
the length scale probed in the medium, and the virtuality of the hard process as shown schematically
in Figure 1.3. In the following three sections we detail the physics of each axis.

1.2 What is the temperature dependence of the QGP?

The internal dynamics of more familiar substances—the subjects of study in conventional condensed
matter and material physics—are governed by quantum electrodynamics. It is well known that near
a phase boundary they demonstrate interesting behaviors, such as the rapid change in the shear
viscosity to entropy density ratio, h/s, near the critical temperature, Tc. This is shown in Figure 1.4
for water, nitrogen, and helium [24]. Despite the eventual transition to superfluidity at temperatures
below Tc, h/s for these materials remains an order of magnitude above the conjectured quantum
bound of Kovtun, Son, and Starinets (KSS) derived from string theory [15]. These observations
provide a deeper understanding of the nature of these materials: for example the coupling between
the fundamental constituents, the degree to which a description in terms of quasiparticles is
important, and the description in terms of normal and superfluid components.

The dynamics of the QGP are dominated by Quantum Chromodynamics and the experimental
characterization of the dependence of h/s on temperature will lead to a deeper understanding
of strongly coupled QCD near this fundamental phase transition. Theoretically, perturbative
calculations in the weakly coupled limit indicate that h/s decreases slowly as one approaches Tc
from above, but with a minimum still a factor of 20 above the KSS bound [25] (as shown in the
right panel of Figure 1.4). However, as indicated by the dashed lines in the figure, the perturbative
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CMS: lost energy 
transported to ΔR>0.8

The Physics Case for sPHENIX Current jet probe measurements

Gunther Roland QCD Town MeetingJets at RHIC and LHC 19

Indication of energy flow differences at RHIC vs LHC
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Figure 1.23: Slide from G. Roland’s talk at the QCD Town Meeting (September 2014). Shown are
preliminary RHIC results from STAR for jet RAA and dijet asymmetry AJ in comparison with LHC
results. The initial observation is for quite different trends. Data with overlapping energy ranges and
comparable jet algorithms and jet bias selections from sPHENIX will shed significant light on the
underlying physics differences.
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for both centrality ranges and even for events with large observed dijet asymmetry, in both
data and simulation. This shows that the dijet momentum imbalance is not related to unde-
tected activity in the event due to instrumental (e.g. gaps or inefficiencies in the calorimeter) or
physics (e.g. neutrino production) effects.
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Figure 15: Average missing transverse momentum, h6pkTi, for tracks with pT > 0.5 GeV/c, pro-
jected onto the leading jet axis (solid circles). The h6pkTi values are shown as a function of dijet
asymmetry AJ for 0–30% centrality, inside (DR < 0.8) one of the leading or subleading jet cones
(left) and outside (DR > 0.8) the leading and subleading jet cones (right). For the solid circles,
vertical bars and brackets represent the statistical and systematic uncertainties, respectively.
For the individual pT ranges, the statistical uncertainties are shown as vertical bars.

The figure also shows the contributions to h6pkTi for five transverse momentum ranges from 0.5–
1 GeV/c to pT > 8 GeV/c. The vertical bars for each range denote statistical uncertainties. For
data and simulation, a large negative contribution to h6pkTi (i.e., in the direction of the leading jet)
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What are fast partons in the medium 
scattering from?

The Physics Case for sPHENIX What are the inner workings of the QGP?

broader and softer than the elastic only. Both sets of sub-leading jets become much broader and
softer compared to the leading jets.

Jet Shape - 2, varying strong coupling
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Figure 1.13: (left) Calculations from Coleman-Smith [58] showing the jet energy profile as a function
of radius for leading (solid lines) and sub-leading (dashed lines) jets. Leading jets have ET > 20 GeV
and sub-leading jets have ET > 5 GeV. The medium temperature is 350 MeV. (right) Ratio the radial
distribution of energy in sub-leading jets in a medium with radiative and elastic energy loss to the
distribution in a medium with elastic energy loss only. In these calculations, a serves as a proxy for
the effective medium coupling.

In the calculation by Vitev et al. [59, 60, 61], the inclusion of collisional energy loss results in a
substantial shift in the dijet asymmetry as shown comparing the top left and the bottom left of
Figure 1.14. The right panel of Figure 1.14 shows the AJ ratio with and without collisional energy
loss. There is a significant additional suppression of back-to-back matched jets at low AJ and a
much larger number of very asymmetric jet pairs. Detailed measurements as a function of jet
energy, jet radius, and collision geometry are needed to map out the magnitude of the collisional
component, and thus ê and its related effective mass of the scattering centers.

One of the most sensitive observables to collisional energy loss is the modification of high pT charm
and beauty heavy quarks in the medium. We detail this physics in the later section specifically on
heavy quarks – Section 1.8.
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Figure 1.14: (left) AJ distributions calculated by Vitev et al. [59, 60, 61] for leading jet ET > 50 GeV,
jet cone radius, R = 0.6 and different medium coupling strengths. The upper plot shows results for
radiative energy loss only, and the lower plot includes collisional energy loss as well. (right) Ratio of
AJ distributions with radiative and collisional energy loss to those with radiative energy loss only.
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Figure 1.3: Pushing Three illustrative axes along which the quark-gluon plasma may be pushed and
probed. The axes are the temperature of the quark-gluon plasma, the Q2

hard of the hard process that
sets of the scale for the virtuality evolution of the probe, and the wavelength with which the parton
probes the medium lprobe.

The critical variables to manipulate for this program are the temperature of the quark-gluon plasma,
the length scale probed in the medium, and the virtuality of the hard process as shown schematically
in Figure 1.3. In the following three sections we detail the physics of each axis.

1.2 What is the temperature dependence of the QGP?

The internal dynamics of more familiar substances—the subjects of study in conventional condensed
matter and material physics—are governed by quantum electrodynamics. It is well known that near
a phase boundary they demonstrate interesting behaviors, such as the rapid change in the shear
viscosity to entropy density ratio, h/s, near the critical temperature, Tc. This is shown in Figure 1.4
for water, nitrogen, and helium [24]. Despite the eventual transition to superfluidity at temperatures
below Tc, h/s for these materials remains an order of magnitude above the conjectured quantum
bound of Kovtun, Son, and Starinets (KSS) derived from string theory [15]. These observations
provide a deeper understanding of the nature of these materials: for example the coupling between
the fundamental constituents, the degree to which a description in terms of quasiparticles is
important, and the description in terms of normal and superfluid components.

The dynamics of the QGP are dominated by Quantum Chromodynamics and the experimental
characterization of the dependence of h/s on temperature will lead to a deeper understanding
of strongly coupled QCD near this fundamental phase transition. Theoretically, perturbative
calculations in the weakly coupled limit indicate that h/s decreases slowly as one approaches Tc
from above, but with a minimum still a factor of 20 above the KSS bound [25] (as shown in the
right panel of Figure 1.4). However, as indicated by the dashed lines in the figure, the perturbative
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The Physics Case for sPHENIX How does the QGP evolve along with the parton shower?

1.4 How does the QGP evolve along with the parton shower?

The initial hard scattered parton starts out very far off-shell and in e+e�, p+p or p+p collisions the
virtuality evolves in vacuum through gluon splitting down to the scale of hadronization. In heavy
ion collisions, the vacuum virtuality evolution is interrupted at some scale by scattering with the
medium partons which increase the virtuality with respect to the vacuum evolution. Figure 1.15
shows the expected evolution of virtuality in vacuum, from medium contributions, and combined
for a quark-gluon plasma at T0 = 300 MeV with the traversal of a 30 GeV parton (left) and at
T0 = 390 MeV with the traversal of a 200 GeV parton (right) [62, 63]. If this picture is borne out, it
“means that the very energetic parton [in the right picture] hardly notices the medium for the first
3–4 fm of its path length [63].” Spanning the largest possible range of virtuality (initial hard process
Q2) is very important, but complementary measurements at both RHIC and LHC of produced jets
at the same virtuality (around 50 GeV) will test the interplay between the vacuum shower and
medium scattering contributions.
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Figure 1.15: Jet virtuality evolution in medium at RHIC (left) and LHC (right). Vacuum contributions
to virtuality (blue dashed lines) decrease with time and medium induced contributions (red dashed
lines) increase as the parton scatters in the medium. The total virtuality (blue solid lines) is the
quadrature sum of the two contributions. At RHIC the medium induced virtuality dominates by
2.5 fm/c while at the LHC the medium term does not dominate until 4.5 fm/c. From Ref. [62].

In some theoretical frameworks — for example Refs [64, 65, 66] — the parton splitting is simply
dictated by the virtuality and in vacuum this evolves relatively quickly from large to small scales as
shown above. The Q evolution means that the jet starts out being considerably off mass shell when
produced, and this off-shellness is reduced by successive splits to less virtual partons. In these
calculations, the scattering with the medium modifies this process of parton splitting. The scale
of the medium as it relates to a particular parton is q̂ times the parton lifetime (this is the mean
transverse momentum that the medium may impart to the parent and daughter partons during
the splitting process). When the parton’s off-shellness is much larger than this scale, the effect of
the medium on this splitting process is minimal. As the parton drops down to a lower scale, the
medium begins to affect the parton splitting more strongly.

Shown in Figure 1.16 is the single hadron RAA in central Au+Au collisions at 200 GeV along
side measurements at other beam energies. One specifically notes that for the YAJEM calculation,
inclusion of the virtuality evolution leads to a factor of 50% rise in RAA from 20–40 GeV/c, and
in the HT-M calculation a 100% rise. A strong rise in RAA measured at higher pT at the LHC has
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The critical variables to manipulate for this program are the temperature of the quark-gluon plasma,
the length scale probed in the medium, and the virtuality of the hard process as shown schematically
in Figure 1.3. In the following three sections we detail the physics of each axis.

1.2 What is the temperature dependence of the QGP?

The internal dynamics of more familiar substances—the subjects of study in conventional condensed
matter and material physics—are governed by quantum electrodynamics. It is well known that near
a phase boundary they demonstrate interesting behaviors, such as the rapid change in the shear
viscosity to entropy density ratio, h/s, near the critical temperature, Tc. This is shown in Figure 1.4
for water, nitrogen, and helium [24]. Despite the eventual transition to superfluidity at temperatures
below Tc, h/s for these materials remains an order of magnitude above the conjectured quantum
bound of Kovtun, Son, and Starinets (KSS) derived from string theory [15]. These observations
provide a deeper understanding of the nature of these materials: for example the coupling between
the fundamental constituents, the degree to which a description in terms of quasiparticles is
important, and the description in terms of normal and superfluid components.

The dynamics of the QGP are dominated by Quantum Chromodynamics and the experimental
characterization of the dependence of h/s on temperature will lead to a deeper understanding
of strongly coupled QCD near this fundamental phase transition. Theoretically, perturbative
calculations in the weakly coupled limit indicate that h/s decreases slowly as one approaches Tc
from above, but with a minimum still a factor of 20 above the KSS bound [25] (as shown in the
right panel of Figure 1.4). However, as indicated by the dashed lines in the figure, the perturbative
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shows the expected evolution of virtuality in vacuum, from medium contributions, and combined
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“means that the very energetic parton [in the right picture] hardly notices the medium for the first
3–4 fm of its path length [63].” Spanning the largest possible range of virtuality (initial hard process
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2.5 fm/c while at the LHC the medium term does not dominate until 4.5 fm/c. From Ref. [62].

In some theoretical frameworks — for example Refs [64, 65, 66] — the parton splitting is simply
dictated by the virtuality and in vacuum this evolves relatively quickly from large to small scales as
shown above. The Q evolution means that the jet starts out being considerably off mass shell when
produced, and this off-shellness is reduced by successive splits to less virtual partons. In these
calculations, the scattering with the medium modifies this process of parton splitting. The scale
of the medium as it relates to a particular parton is q̂ times the parton lifetime (this is the mean
transverse momentum that the medium may impart to the parent and daughter partons during
the splitting process). When the parton’s off-shellness is much larger than this scale, the effect of
the medium on this splitting process is minimal. As the parton drops down to a lower scale, the
medium begins to affect the parton splitting more strongly.

Shown in Figure 1.16 is the single hadron RAA in central Au+Au collisions at 200 GeV along
side measurements at other beam energies. One specifically notes that for the YAJEM calculation,
inclusion of the virtuality evolution leads to a factor of 50% rise in RAA from 20–40 GeV/c, and
in the HT-M calculation a 100% rise. A strong rise in RAA measured at higher pT at the LHC has
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The Hadronic Calorimeter Detector Concept

Figure 3.7: Cross section of sPHENIX. The outer hadronic calorimeter surrounds the solenoid cryostat.

Figure 3.8: Scintillating tiles in the sampling gap of sPHENIX hadronic calorimeter, showing the
transverse segmentation into elements 0.1 units of pseudorapidity wide.

fin thickness. The gaps between the iron plates are 8 mm wide and contain individually wrapped
7 mm thick scintillating tiles with a diffuse reflective coating and an embedded wavelength shifting
fiber which traverses the entire tile, entering and exiting on the same edge. The slight tilt and

68

more and more sensitive to mesoscopic, fluid-scale excitations in the medium. At the same time,
the medium is populated with heavy quarkonia whose physical size and temperature sensitive
coupling to the medium provide precisely locatable probes of the medium in this space. At the
longest scales, one sees the well-established hydrodynamic behavior of the medium with minimal
specific shear viscosity, the so-called perfect liquid. The sPHENIX detector will be able to measure
jets, b-tagged jets, photons, charged hadrons and their correlations over a wide range of energies,
and it will also have mass resolution sufficient to separately distinguish the three states of the
Upsilon family. These capabilities will enable us to map out the dynamics of the QGP across this
space and address the fundamental questions posed above.

To pursue these physics questions we are proposing an upgrade consisting of a 1.5 T superconduct-
ing magnetic solenoid of inner radius 140 cm with silicon tracking, electromagnetic calorimetry,
and hadronic calorimetry providing uniform coverage for |h| < 1. The sPHENIX solenoid is an
existing magnet developed for the BaBar experiment at SLAC, and recently ownership of this key
component was officially transferred to BNL. An engineering drawing of the sPHENIX detector
and its incorporation into the PHENIX interaction region are shown in Figure 2.

Figure 2: An engineering drawing of sPHENIX, showing the superconducting solenoid containing
the electromagnetic calorimeter and surrounded by the hadronic calorimeter, with a model of the
associated support structure, as it would sit in the PHENIX IR.

The sPHENIX plan has been developed in conjunction with the official timeline from BNL manage-
ment. The expectation is for RHIC running through 2016, a shutdown in 2017, RHIC running for
the increased luminosity beam energy scan in 2018–2019, a shutdown in 2020, and RHIC running

iii
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HCal prototype beam tests2 EXPERIMENTAL SETUP 4

Figure 2: Scintillating tiles with embedded wavelength shifting fibers (left panel) and the
HCal prototype calorimeter (right panel).

axis). We also took HCal data by moving it vertically to di↵erent heights together with a
few selected rotational angles at 30 GeV beam energy. The data-taking run list is given in
Table 2 and 3. In total, 142 k events were recorded in nominal detector configuration with
beam energies between 4 and 60 GeV, and 254 k events were recorded in various detector
height and rotation with 30 GeV beam.

Table 2: HCal prototype detector beam energy scan runs at the FNAL test beam.

Run # Beam energy Total events Detector configuration
459 4 GeV 7.6 k nominal setup
460 8 GeV 11.6 k nominal setup
463 16 GeV 14 k nominal setup
465 25 GeV 15 k nominal setup
466 32 GeV 23 k nominal setup
467 40 GeV 23 k nominal setup
468 50 GeV 23 k nominal setup
469 60 GeV 23 k nominal setup
479 16 GeV 10 k EMCal+HCal, nominal setup
480 32 GeV 10 k EMCal+HCal, nominal setup
483 40 GeV - EMCal+HCal, nominal setup
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panel) between test beam data and the Geant4 simulation.
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The BaBar magnet is en route!

www.symmetrymagazine.org/article/january-2015/20-ton-magnet-heads-to-new-york
16 January 2015, SLAC
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Jet triggering
Detector Concept sPHENIX Triggering

non-trivial jet ET dependence and reaches only e ⇡ 85–90% even for ET = 35 GeV jets. Furthermore,
a systematic difference can be observed between quark– and gluon–initiated jets. Thus, wide-area
jet patch triggers utilizing both calorimeters can most efficiently select an unbiased set of jets.
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Figure 3.31: Rejection factor for minimum bias p+p events using GEANT4 simulated calorimeter-
based triggers, as a function of the minimum ET trigger requirement. Results are shown for requiring
this amount of energy in Dh ⇥ Df = 0.4 ⇥ 0.4 (black line), 0.6 ⇥ 0.6 (red line) and 0.8 ⇥ 0.8 (blue line)
calorimeter regions.

Figure 3.31 shows the rejection factor (the inverse of the fraction of events which fire the trigger)
for minimum bias p+p events of various electromagnetic and hadronic calorimeter jet patch trigger
schemes. The rejection factor is shown for three choices of sliding window size and as a function of
the minimum required transverse energy. The figure demonstrates that a minimum energy can be
chosen to give rejection factors larger than 103, which will be necessary in high-luminosity p+p and
p(d)+Au running.

Taken together, the results in Figures 3.30 and 3.31 demonstrate that jet patch style triggers in
sPHENIX will be sufficient to sample an unbiased set of jets down to low ET while still providing
the large rejections needed for high-luminosity running.

The performance of possible electron triggers for selecting di-electron U decays in high-luminosity
p+p running in sPHENIX has also been investigated. These triggers are based on energy sums
in the electromagnetic calorimeter, and have been examined with a GEANT4 simulation of the
calorimeter response. For this study, electrons with an energy equal to half the nominal U(1S)
mass, Ee± = 4.7 GeV, were generated, since this is the lowest possible energy of the highest-
energy electron in the decay of an at rest (pT = 0) Upsilon. Thus, a successful trigger strategy for
Ee± = 4.7 GeV electrons is sufficient for all other U decay topologies where both electrons are within
the sPHENIX acceptance. The electromagnetic calorimeter towers of size Df ⇥ Dh = 0.025 ⇥ 0.025
were collected into sliding tower windows made from 2 ⇥ 2 and 3 ⇥ 3 blocks of these towers,
and a 4 ⇥ 4 block made from sliding windows over the 2 ⇥ 2 tower blocks. The total energy (not
transverse energy) in the electromagnetic calorimeter was considered. For each window size, the
distribution of largest energy sums in minimum bias PYTHIA events were used to determine the
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sPHENIX Triggering Detector Concept

further back just outside the current design for the magnet flux return. They would thus be moved
about one unit further forward in pseudorapidity from their current configuration. In Au+Au
collisions, these would provide a precision s < 1 cm z-vertex resolution for Level-1 triggering and
an independent centrality and event plane determination.

For the jet physics program with observables for single jets, high momentum photons, and high
momentum hadrons, the electromagnetic calorimeter cluster trigger inputs and jet patch capabilities
are sufficient for sampling the full 600 billion events for the highest energies where the increase in
Au+Au statistics is particularly beneficially. This triggering also works well in p+p and p(d)+Au
collisions, with the interaction rates projected.
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Figure 3.30: Trigger efficiency for jets using GEANT4 simulated calorimeter-based triggers as a
function of R = 0.4 truth-level jet ET, with results for quark- and gluon-initiated jets shown separately.
Results are shown for triggers requiring at least ET > 10 GeV in a Dh ⇥ Df = 0.8 ⇥ 0.8 calorimeter
region. The efficiency using the electromagnetic calorimeter (EMCal) only is shown in black and red
for quark- and gluon jets, respectively, and the efficiency using both calorimeters (EMCal+HCal) is
shown in blue and green for quark- and gluon-jets, respectively.

We have benchmarked the performance of possible “jet patch” triggers in high-luminosity p+p
collisions implemented by examining the sum of tower energies in the electromagnetic and hadronic
calorimeters. In this study, PYTHIA jet events with a hard scattering parameter chosen to sample a
wide kinematic range and minimum bias PYTHIA events are examined under a GEANT4 simulation
of the calorimeter response. The calorimeters are towerized into towers of size Dh ⇥ Df = 0.1 ⇥ 0.1,
and the total transverse energy from both calorimeters is analyzed in sliding tower windows of
various sizes. For jet events, the highest energy window within DR < 0.4 of the jet is considered
for the purposes of determining whether the jet fired the trigger. For minimum bias events, the
highest energy window anywhere in the event is considered.

Figure 3.30 illustrates the relevant results for window sizes of 0.8 ⇥ 0.8, with a minimum transverse
energy requirement of 10 GeV. When both calorimeters are used for triggering, the efficiency
for ET > 15 GeV jets is unity, with no dependence on the flavor of the jet. To demonstrate the
importance of using both calorimeters in the trigger, results are also shown for the efficiency of an
electromagnetic calorimeter-based trigger only. In that case, it can be seen that the efficiency has a
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• Large PHENIX DAQ rate can record 
(almost) all Au+Au data minimum 
bias 

• Triggering needed in p+p running to 
sample the equivalent NN luminosity

• Wide-area EMCal+HCal “jet 
patch” triggers 

• 100% efficiency for low-pT jets 
with no flavor dependence 

• Rejection factors for MB p+p 
events are sufficiently high



Charged hadron capability

Detector Concept Charged Particle Tracking

3.6 Charged Particle Tracking

As discussed in Chapter 2, the key design requirements of the tracking system are precise mo-
mentum resolution, high track reconstruction efficiency for the signals of interest, good purity
of the reconstructed tracks in central Au+Au collisions, and precise measurement of displaced
vertices. After detailed GEANT4 studies and extensive work on the tracking and pattern recognition
software, a reference design has been adopted that is capable of meeting all of the key design
requirements for the tracking system. The reference design, which incorporates seven planes of
silicon detectors, is described and its performance detailed in this section.
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Figure 3.22: (left) Present configuration of silicon tracking layers in the PHENIX VTX detector. (right)
Reconfiguration of the VTX inner two layers and additional tracking layers as described in the text.

The current PHENIX silicon vertex tracker (VTX) consists of two inner layers (pixels) at radii 2.5
and 5 cm from the beamline and two outer layers (strip-pixels) at radii of 11.8 and 16.7 cm. The
ladders comprising the current PHENIX VTX are shown in the left panel of Figure 3.22. The VTX,
combined with the outer PHENIX drift chambers (DC) and pad chambers (PC) provides good track
pattern recognition, high efficiency, and excellent displaced vertex resolution with a specification
for the distance of closest approach resolution in the transverse plane of better than 100 µm for
pT > 1 GeV/c. This resolution is exceeded even in the high occupancy Au+Au environment.

The reference configuration adds eight additional ladders to the two inner pixel layers, thus
completing azimuthal 2p coverage with the existing |h| < 1.0 coverage. In addition to the two
inner pixel layers, there will be five planes of strip detectors designed for precise momentum
measurement and pattern recognition in a high multiplicity environment. Three of those layers will
use strips of 60 µm pitch and 8 mm length, and two will use strips of 240 µm pitch and 2 mm length.
The primary purpose of the latter two strip layers is pattern recognition. Each of the two pattern
recognition layers is mounted on the same support and cooling structure as one of the longer strip
layers. The lengths of the strips in the five outer layers represent a compromise between cost and
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Reconfigured silicon tracking configuration 

• performance benchmarked with full GEANT4-
based simulations 

• one physics-driven target: 𝛶 mass resolution         
< 100 MeV/c2 (see Jin Huang’s talk) 

• robust behavior even in high-multiplicity 
environments (HIJING Au+Au)Detector Concept Charged Particle Tracking
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Figure 3.23: GEANT4 and track model evaluation of single particle (pion) transverse momentum
resolution. The fit consists of a term that is constant in pT , and a term that is linear in pT . The best fit
parameters are shown on the plot.

resolution leads to a mass resolution of just under 100 MeV for the U(1S) state, which is sufficient
to deliver the physics of separate measurements of the Upsilon states. The momentum resolution
of the reference design is more than adequate for the less demanding (in terms of momentum
resolution) tasks of measuring heavy flavor tagged jets and high-z fragmentation functions.

The performance of the tracking system in high multiplicity events has been investigated using
a full GEANT4 simulation of the tracker response for 5000 HIJING Au+Au events with impact
parameters in the range 0-4 fm. This impact parameter range corresponds to about 0-10% collision
centrality. For these studies only tracks that hit all seven layers of the tracker were reconstructed.
To eliminate fake tracks, cuts were made on the track quality (c2 per degree of freedom) and on
the track distance of closest approach to the event vertex (DCA). The track quality was required to
satisfy quality < 3, and the track DCA was required to satisfy DCA < 1 mm.

To define the track reconstruction efficiency we start by counting all truth tracks that originated
at the primary vertex and deposited energy in all seven layers. This is the denominator. The
numerator is then the number of reconstructed tracks that pass track cuts of quality < 3 and DCA
< 1 mm, and whose momentum lies within 3s of the truth momentum for the associated GEANT4
track, The resulting efficiency for 5000 HIJING events is shown in the left panel of Figure 3.24. The
efficiency is found to be 88% at 500 MeV/c, 92% at 1 GeV/c and 97% at high pT.

Another way to look at the pattern recognition performance is to start with all reconstructed tracks
that have quality < 3 and DCA < 1 mm, and see what fraction of them satisfy the additional
requirement that their reconstructed momentum is within 3s of the truth momentum for the
associated GEANT4 track. The result from 5000 central Au+Au HIJING events is shown in the right
panel of Figure 3.24.

Heavy flavor tagged jet measurements rely critically on the DCA resolution performance of the
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Figure 3.24: (left) The fraction of GEANT4 tracks from the primary vertex with hits in all seven
tracking layers that are reconstructed with quality < 3 and DCA < 1 mm, and whose momentum
lies within 3s of the truth momentum. Only tracks that hit all seven layers were considered. (right)
The fraction of all reconstructed tracks (passing cuts of quality < 3 and DCA < 1 mm) that also have
reconstructed momentum within 3s of the truth momentum for the associated GEANT4 track.

tracking system. Figure 3.25 shows the DCA distribution obtained from 5000 central Au+Au
HIJING events in three pT bins. The distributions were made using all reconstructed tracks, with
the only track cut being quality < 3.

DCA (cm)
-0.1 -0.05 0 0.05 0.1

1

10

210

310

410

mµ = 76.3 σ

 = 0.5-1.0 GeV/c
T

p

DCA (cm)
-0.1 -0.05 0 0.05 0.1

1

10

210

310

mµ = 48.8 σ

 = 1.0-2.0 GeV/c
T

p

DCA (cm)
-0.1 -0.05 0 0.05 0.1

1

10

210

mµ = 31.9 σ

 > 2.0 GeV/c
T

p

Figure 3.25: DCA distributions in three pT bins from reconstruction of 5000 central HIJING events.
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Figure 3.24: (left) The fraction of GEANT4 tracks from the primary vertex with hits in all seven
tracking layers that are reconstructed with quality < 3 and DCA < 1 mm, and whose momentum
lies within 3s of the truth momentum. Only tracks that hit all seven layers were considered. (right)
The fraction of all reconstructed tracks (passing cuts of quality < 3 and DCA < 1 mm) that also have
reconstructed momentum within 3s of the truth momentum for the associated GEANT4 track.

tracking system. Figure 3.25 shows the DCA distribution obtained from 5000 central Au+Au
HIJING events in three pT bins. The distributions were made using all reconstructed tracks, with
the only track cut being quality < 3.
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Photon-jet observables

• Steeply falling cross-section at RHIC results 
in narrower initial zJɣ = ET

jet / ET
ɣ distribution  

• and a larger modification than at the 
LHC 

• Purity for jets on the away-side of a trigger 
photon is high 

• Detector effects in zJɣ distribution can be 
corrected to a high degree 13    γ / EjetE
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The Physics Case for sPHENIX Direct Photons and Fragmentation Functions

1.7 Direct Photons and Fragmentation Functions

Ideally, one would like to understand how a quark or gluon of perfectly known energy interacts
traversing the quark-gluon plasma and the redistribution of energy and particles both longitudinal
and transverse to the initial parton direction. The golden channel for the calibration of initial quark
energy is to tag them via an opposing direct photon [78]. One can measure fully reconstructed jets
opposite the photon with different jet radii to parse out the transverse energy redistribution.

Figure 1.34 shows the event distribution for the ratio of the reconstructed jet energy with R =
0.3 relative to the direct photon energy [108]. As the authors note, “The steeper falling cross
sections at RHIC energies lead not only to a narrow zJ

g

distribution in p+p collisions but also to a
larger broadening end shift in

⌦
zJ

g

↵
in A+A collisions.” This results in a greater sensitivity to the

redistribution of energy, which is again sensitive to the balance of processes including radiative
and collisional energy loss. Figure 1.35 shows the jet RAA opposite a 35 GeV direct photon [108].
There is a dramatic difference between the RHIC and LHC result, where one expects a factor of
two enhancement in jets near 20 GeV in these collision systems. As detailed in the sPHENIX
performance section in Figure 4.26, with an underlying event energy a factor of 2.5 lower at RHIC
compared to the LHC, sPHENIX can reconstruct jets over a very broad range of radii and energies
opposite these direct photons.

a

s /
a

m
m

2.0(2)

Figure 1.34: Calculation results for the vacuum and medium modified distribution for direct photon
— reconstructed jet events at LHC collision energy (left) and RHIC collision energy (right) [108].

With charged particle tracking one can also measure the longitudinal redistribution of hadrons
opposite the direct photon. sPHENIX will have excellent statistical reach for such direct photon
measurements. At the same time, it is advantageous to measure modified fragmentation functions
within inclusive reconstructed jets and via correlations as well. The original predictions of jet
quenching in terms of induced forward radiation had the strongest modification in the longitudinal
distribution of hadrons from the shower (i.e., a substantial softening of the fragmentation function).
One may infer from the nuclear suppression of p

0 in central Au+Au collisions RAA ⇡ 0.2 that
the high z (large momentum fraction carried by the hadron) showers are suppressed. Shown in
Figure 1.36 is the fragmentation function for 40 GeV jets in vacuum (PYTHIA) compared with
the case of substantial jet quenching (Q-PYTHIA with a quenching factor used to match RHIC
single hadron suppression observables). In the sPHENIX upgrade, fragmentation functions via
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Selecting gluon jets
• Photons are an excellent way to select a quark-enhanced jet sample 
• Can we experimentally tag gluon jets?

In a given kinematic regime, 
a near-side quark jet is 
preferentially accompanied 
by an away-side gluon jet



• We can select quark jets a high-pT narrow-R jet or track 
• the purity for away-side jets is high down to low pT and large R 

• sPHENIX can explore the modification of jets in a flavor-
dependent way
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Figure 4.29: (upper) Full GEANT4 simulations with PYTHIA dijets embedded on central Au+Au
HIJING events with reconstruction of trigger and away-side jets. The left panel shows all reconstructed
away-side jets for different R values opposite to a trigger jet with R = 0.2 and ET > 30 GeV. The
dashed lines indicate the fake jet contributions. The right panel shows the purity of away-side jets,
which is quite high even for large radius away side jets. (lower) Same quantity except now triggering
on a charged hadron with pT > 20 GeV/c.
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Figure 4.29: (upper) Full GEANT4 simulations with PYTHIA dijets embedded on central Au+Au
HIJING events with reconstruction of trigger and away-side jets. The left panel shows all reconstructed
away-side jets for different R values opposite to a trigger jet with R = 0.2 and ET > 30 GeV. The
dashed lines indicate the fake jet contributions. The right panel shows the purity of away-side jets,
which is quite high even for large radius away side jets. (lower) Same quantity except now triggering
on a charged hadron with pT > 20 GeV/c.
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Selecting gluon jets



Such techniques certainly bias the surviving population of low-pT jets 
• however, this can be exploited to perform “event shape engineering”
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Physics Performance Extended kinematics and surface bias engineering

surface bias — as proposed by Renk [98] and shown earlier in Figure 1.24.

One can also incorporate electromagnetic clusters, which provide additional input to the alternate
jet reconstruction. The electromagnetic clusters and tracks have the same minimum energy cut
and are then input to the FASTJET algorithm. Figure 4.22 shows the jet purity for different jet radii
R = 0.2, 0.3, 0.4, 0.5 with a nominal track + electromagnetic jet match requirement (ET > 7 GeV for
the match jet, ET > 3 GeV for the electromagnetic cluster and charged track) in central Au+Au
events. The results are very good and indicate that even R = 0.5 jets can be reconstructed in
the most central Au+Au events. The effects of the underlying event on jet observables are most
severe in central Au+Au events, and these results demonstrate the dramatically increased range
for jet reconstruction in mid-central Au+Au collisions, where significant jet quenching effects
have already been measured including the theoretically challenging high pT hadron azimuthal
anisotropy.
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Figure 4.22: Purity results for R = 0.2, 0.3, 0.4, 0.5 anti-kT calorimetric reconstructed jets in 0–10%
central Au+Au HIJING events. The dashed lines are without any track and electromagnetic cluster
jet match requirement and the solid lines are with the match requirement. The purities are significant
higher for mid-central collision geometries.

sPHENIX will be also able to reproduce existing jet measurements at RHIC, complete with the
biases inherent in the various techniques used to date. However, the wider capabilities of sPHENIX
will enable us able to do more than merely confirm earlier results. We will be able to place those
results along a spectrum of bias and to study the effect on the jet observables of the alteration or
removal of that bias.

Figure 4.23 shows a preliminary result from the STAR collaboration of AJ for jets in events triggered
on the presence of a single EMCal tower above 5.4 GeV. The left panel shows AJ for R = 0.2 jets; the
right for R = 0.4 jets. When a cut of pT > 2 GeV/c is placed on the constituents, there is a distinct
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Extending the kinematic reach
Purity of hard-scattered 
jets (vs. background 
fluctuations) in inclusive 
spectrum 

Application of ATLAS-
style “fake jet rejection” 
requirement 

• relies on presence of 
high-pT track-jet, track 
or cluster



b-jet physics in HI collisions

• The quenching of heavy quark jets may differ in a 
number of ways from light quarks / gluons: 

• suppression of radiation at small angles 

• different sensitivity to radiative vs. collisional 
energy loss 

• Important dimension for a full picture of the physics!

Predictions from complete energy loss computer codes (e.g. CUJET 2.0)

• Viscous hydrodynamics, estimates for running coupling, light and heavy flavors,

estimates for not-exactly collinear emissions, and collisional loss.
A. Buzzatti and M. Gyulassy / Nuclear Physics A 00 (2012) 1–4 3

Figure 1. Illustration of jet flavor tomography level crossing pattern of nuclear modification factors versus pT at y = 0 for �,D, B, e fragmentation
from quenched g, u, c, b jets in Au+Au 5% at RHIC (left side) and extrapolated to Pb+Pb 5% at LHC (right side) computed with the dynamic
CUJET1.0 model at leading N = 1 order in opacity. The opacity is constrained at RHIC, given dN/dy(RHIC) = 1000, by a fit to a reference point
R�AuAu(pT = 10 GeV) = 0.2 setting �s = 0.3. The extrapolation to LHC assumes dNch/d� scaling of the opacity as measured by ALICE [9]. The
D, B, e bands reflect the uncertainty due to the choice of NLO or FONLL initial production spectra. Note the possible inversion of �,D, B levels
predicted by CUJET at high pT at LHC and a partial inversion at RHIC arising from competing dependences on the parton mass of energy loss and
of initial pQCD spectral shapes.

Motivated by these findings, we relaxed the e�ective fixed alpha approximation and utilized a one-loop order running
coupling, parametrized as follows [14]:

�s(Q2) =
�
� 0 �

2�
9 ln(Q0/�QCD)

(Q � Q0) ;
2�

9 ln(Q/�QCD)
(Q > Q0) . (2)

Again we choose to keep �0 as the only free parameter of the model. The choice of scale Q, of the order of 1 GeV, is
somewhat arbitrary. To address this systematic source of uncertainty, we let it vary while fixing the parameter �0 to
fit one chosen pion RLHC

AA (pT = 40GeV) = 0.35 point. We include running coupling e�ects in both the radiative and
elastic [15] contribution to the total energy loss. The results are shown in Fig.2.

Observing the figure on the left, it is evident that the overall shape of RAA across the broad range of pT under
consideration is changed with respect to the previous fixed coupling results. Besides appreciating the more satisfactory
agreement with data, both at LHC and RHIC (in the latter case our predictions are almost left unchanged given the
restricted range of energies at play), it is surprising to note how the e�ective energy dependence itself of the energy
loss appears to be modified (figure on the right). Assuming in fact a simplified model for the energy loss

�E
E
= �Ea�1Lb�c (3)

and extracting the index a(E) from our results, it seems that the pQCD ln E � E1/3 � E1/4 characteristic LPM depen-
dence of the energy loss is canceled when the running coupling e�ects are included.

4. Conclusions

The CUJET model has been applied to study the flavor and
�

s dependence of the nuclear modification factors for
central collisions at mid-rapidity. With one free parameter (�s) used to fit the pion data at RHIC, we have predicted
a novel level crossing pattern of RAA for di�erent flavors. The inclusion of running coupling e�ects in the model has

3

Very rich set of model predictions for D vs. B vs ⇡ suppression,

and B tagged jets versus centrality at LHC (CMS) and sPHENIX
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FIG. 3. The predicted jet radius R dependence of the nuclear
suppression for b-jet production in central Pb+Pb collisions
at the LHC at

√
sNN = 2.76 TeV is shown verses the jet

transverse momentum. We have chosen radii R = 0.2, 0.4, 0.7
and a coupling between the jet and the medium gmed = 2.
The upper panel only shows the effect of radiative energy loss
and the lower panel includes the collisional dissipation of the
parton shower energy in the QGP. Bands correspond to a
range of masses of the propagating system between mb and
2mb. The bottom insert shows the ratio of RAAs for radiative
+ collisional energy loss and radiative energy loss only.

is shown in the upper panel of Fig. 3 for coupling be-
tween the jet and the medium gmed = 2 (correspond-
ing to αmed

s = 0.32). We concentrate on the region of
pT > 30 GeV where hadronization corrections for b-
jets are minimal even for small radii. The jet radius
effect of jet quenching is clearly seen by comparing the
magnitude of the jet suppression for three different radii,
R = 0.2 (red solid line), R = 0.4 (blue dot-dashed line),
and R = 0.7 (light green dashed line). The bands corre-
spond to a range of masses for the collimated propagating
parent parton system (mb, 2mb). The bottom insert in
Fig. 3 shows the ration RRad.+Coll.

AA /RRad.
AA to clarify the

significance of the collisional energy loss for different b-jet
radii.
Note, that above pT = 75 GeV the mass effect disap-

pears even for 2mb = 9 GeV. This is a direct consequence
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FIG. 4. The pT -dependent suppressions of both b-jet and
light jet cross sections in central

√
sNN = 2.76 TeV Pb+Pb

collisions at the LHC are shown for radius R = 0.2 and the
coupling between the jet and the medium gmed = 2. The
band for b-jet is the same as in Fig. 3.

of the fully coherent energy loss regime. For incoher-
ent bremsstrahlung, just like in QED, the mass effect
never vanishes [37]. Thus, observation of b-jet quenching
comparable to that of light jets at transverse momenta
pT > 75 GeV will constitute direct experimental evidence
for the dominance of Landau-Pomeranchuk-Migdal type
destructive interference effects in the medium-induced
parton shower formation. Below pT of 75 GeV, there is
a distinct trend toward reduction of the jet suppression.
The reason for this reduction in quenching is two-fold.
On one hand, below 75 GeV the b-quark mass starts to
play a role. On the other hand, the b-jet spectra stiffen
considerably. Finally, there is a modest pT dependence
of RAA up to transverse momenta of 300 GeV. These
features are clearly shown in Fig. 4, where a comparison
for the nuclear suppression between b-jet and light jet is
presented. The RAA for light-jet production is directly
taken from previous work [9]. The tiny difference at high
pT is smaller than the uncertainty in the treatment of
cold nuclear matter effects and collisional energy loss be-
tween these two cases.

In the lower panel of Fig. 3 we present a similar calcula-
tion but include the collisional dissipation of the medium-
induced parton shower energy in the QGP. This dissipa-
tion is evaluated as in [36], including the interference be-
tween the parent parton and the radiated gluon, and im-
plemented as thermalization of the soft gluons and trans-
port of their energy outside of the jet cone. Clearly, the
effect will be most pronounced for large radii (R = 0.7)
that contain a significant fraction of the medium-induced
parton shower. For small radii (R = 0.2) the effect is
negligible. Dissipation of the parton shower energy, of
course, still occurs. However, owing to the broad distri-
bution of the medium-induced shower, which is now ver-
ified to O((αmed

s )2) [35], this effect is negligible. There
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b-jet production rates
RHIC luminosity projections 
for sPHENIX: 

• nominal 22 week run 

• Au+Au events within the 
vertex z-range needed to 
perform b-tagging 

• 0.1 trillion (10+11) 
minimum bias Au+Au

y-axis doesn’t  
go low enough to 

show the pT reach!

e.g. 106 events
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Experimental selection of an enriched 
sample of bottom quark initiated jets  

Cottage industry at the LHC, new to HI 

CMS b-jet RAA, via reconstructing 
large-mass displaced vertices
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b-jet tagging
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• In sPHENIX, we have explored the 
“Track Counting” algorithm 
• requires one or more tracks with a 

non-zero PV impact parameter 
• must balance high rejection of light 

jets with high efficiency for b-jets

nucl-ex/1312.4198



Charged Particle Tracking Detector Concept
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Figure 3.24: (left) The fraction of GEANT4 tracks from the primary vertex with hits in all seven
tracking layers that are reconstructed with quality < 3 and DCA < 1 mm, and whose momentum
lies within 3s of the truth momentum. Only tracks that hit all seven layers were considered. (right)
The fraction of all reconstructed tracks (passing cuts of quality < 3 and DCA < 1 mm) that also have
reconstructed momentum within 3s of the truth momentum for the associated GEANT4 track.

tracking system. Figure 3.25 shows the DCA distribution obtained from 5000 central Au+Au
HIJING events in three pT bins. The distributions were made using all reconstructed tracks, with
the only track cut being quality < 3.
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Distance of closest approach 
(DCA) reconstruction

• 2-d (transverse) distance of closest approach reconstruction 
is the major driver of this b-jet tagging method 

• GEANT4-based simulations of the DCA resolution within the 
reference tracking configuration
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Note: large-DCA tails will be present even 
for hadrons born at the primary vertex

DCA resolution 
improves with pT



Reconstructed DCA of hadrons in jets 
• Generate pT = 20 GeV truth jets from light, charm and bottom quarks 

• smear the DCA of their tracks according to the G4 simulation results 
• sort all tracks in jet cone by their significance SDCA = DCA / σDCA

21

 trackShighest 
-4 -2 0 2 4 6 8 10 12 14

)
S

/d
N

)(d
je

t
N

(1
/

-610

-510

-410

-310

-210

-110

1

bottom jets
charm jets

light jets

 200 GeVp+pPYTHIA 
 = 20 GeV

T
pJet 

 trackSsecond highest 
-4 -2 0 2 4 6 8 10 12 14

)
S

/d
N

)(d
je

t
N

(1
/

-610

-510

-410

-310

-210

-110

1

bottom jets

charm jets

light jets

 200 GeVp+pPYTHIA 
 = 20 GeV

T
pJet 

High-DCA tail in light jets from tails 
in DCA resolution + Σ/Ξ decays

Asking for a high DCA in 
>1 track cuts down on the 

light jet background

High-DCA in charm/bottom 
jets from displaced vertices



b-jet performance in p+p 
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First indications are positive:                                
≈50% purity with ≈30-40% efficiency 
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b-jet projections

• Projected statistical reach for the inclusive b-jet RAA  

• 0-20% Au+Au events: RAA = 0.6 with 50% b-jet tagging efficiency 

• high b-jet purity needed to keep systematics under control 

• Compare to CMS proof of principle b-jet RAA in 0-100% Pb+Pb
24
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Hard probe projections

25
 (GeV/c)

T
p

0 10 20 30 40 50 60 70 80

AA
R

0

0.2

0.4

0.6

0.8

1

1.2

γdirect 

HF
±e
0π

PHENIX:



Hard probe projections
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Example: RAA vs. ɸ-Ψ2

• Projected ɣ and inclusive 
jet RAA in mid-centrality 
collisions 

• vs. angle with respect to 
reaction plane 

• Sufficient statistics to 
measure observables in a 
differential fashion
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talk at QCD town hall meeting at Temple U. by G. Roland
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p+Au physics motivation

Unexpected 
discrepancy in jet 
vs. hadron RpPb
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• Projected statistical 
reach for RpAu 

• 10 weeks of p+Au 
running 

• minimum bias p+Au 
collisions 

• (photons not shown)

charged hadrons

| < 1ηsPHENIX projections, |
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Summary
The sPHENIX detector will crucially expand the range of length 
scales and temperatures over which QGP dynamics are known 

• we envision a comprehensive and precise program of jet physics 
measurements 

• which overlap with, and expand on, the kinematic ranges explored 
at the LHC 

Enormous work in the updated MIE proposal since summer 2014: 

• optimization of the tracking configuration, rate and trigger 
considerations, b-jet tagging, detailed simulations of jet-correlated 
observables, p+Au physics, statistical projections, etc. 
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